Abstract An attempt has been made to provide a basis on which the amounts of deficit storage occurring in the natural hydrographs of small catchments can be estimated as a function of yield and the frequency of occurrence. The yield levels envisaged constitute only small proportions of the mean flow and the deficits arise due to seasonal fluctuations only. It is presumed that any deficits built up during the dry periods of the year are made up by the winter flows, so that there is no year to year carry over. The streamflow data of 26 catchments in Ireland are analysed to obtain the series of annual maxima storages on each catchment. Assuming that they are distributed according to the extreme value type 1 distribution, the relationship between the deficit storage and its frequency of occurrence is calculated for various levels of yield on each catchment. A simple model is described which expresses this relationship in terms of a few parameters. For use on ungauged catchments, those parameters are related to the physical characteristics of the catchments by multiple linear regression.
INTRODUCTION
Domestic water supply, irrigation, power generation, dilution of industrial pollutants and domestic effluents, fish migration, etc., are all dependent on the continuous availability of prescribed river discharges, herein referred to as "the yield". During those periods when the natural flow in a river is less than the Open far discussion until 1 December 1992 yield, it is assumed that the deficit is augmented from a reservoir, to which surplus water contributes when flow exceeds the yield. The necessary capacity of this reservoir, ignoring the dead storage and the losses, is called "the deficit storage". This study was designed to provide a basis on which the deficit storage could be estimated as a function of the yield and the frequency of occurrence. The analysis is restricted to small catchments in Ireland and to those yield levels which constitute only a small proportion of the mean flow of the river so that deficits arise due only to seasonal fluctuations of the flow. Deficits built up during dry periods of the year are assumed to be made up by winter flows so that there is no carryover from year to year.
The simplest pattern of a low flow period consists of a single deficit followed by a complete recovery, i.e., by a surplus greater than that required to refill the reservoir, as illustrated in Fig. 1(a) . The deficit storage in this case is equal to the volume V x . However, in the case illustrated in Fig. 1(b) , before complete recovery has occurred, flow again falls below the yield, at time t 3 , i.e., (V 2 < V{). If the reservoir were initially full, at time t u the amount of water abstracted from the reservoir by ^ would equal V u by time t 3 , V x -V 2 and by time t 4 , V, V 2 + V, 3 . After time t 4 a complete recovery starts, followed by a further deficit, V 5 , between times t 5 and f 6 . The storage required to maintain river flow at the yield level, throughout the year, is the maximum of the individual deficits that occur during the year, regardless of their time, or the pattern of occurrence.
To obtain estimates of the frequency of occurrence, the series of annual maximum storages, one for each year of the record, can be assumed to be independent and ranked in an ascending or a descending order with a plotting position assigned to each value according to rank and sample size. In order to estimate storages beyond the range of probabilities given by the assigned plotting positions, it is necessary to assume a form for the distribution function. Here it is assumed that the series followed an extreme value type 1 (EV1) distribution (Martin & Cunnane, 1976) .
From the fitted distributions, deficits expressed in percentage of annual runoff may be estimated for return periods of 2, 5, 10, 25 and 50 years and for yield levels of 5, 10, 15, 20, 25 and 30% of the mean flow. The results for each catchment can be expressed in storage-yield-return period (SYR) diagrams such as Fig. 2 .
Deficit storage estimates for rivers without flow records (ungauged catchments) can be estimated from the physical characteristics of the catchment, provided relationships are established between the observed distributions of deficit storages and catchment characteristics by some form of regression. It is, therefore, necessary to express the set of SYR diagrams (Fig. 2 ) by a single model whose different parameter values express the differences between the members and provide the dependent variable values for the regression.
All the SYR diagrams show a general qualitative similarity, and it is this which must be identified and expressed in the general model, while permitting the variation between catchments to be reflected in different values of the parameters. The more parameters that are allowed to vary (the free parameters) the more general the model, but the greater the difficulty in establishing the necessary relationships with the catchment characteristics. One must therefore try and express the set of diagrams by the most parsimonious model whose parameters have some physical meaning. Expression of the storage and the yield as proportions of the annual runoff and mean flow rate helps to increase the mutual similarity of the diagrams and reduce the number of free parameters required.
By empirical examination of the set of diagrams, a model of the phenomenon of the storage creation was defined which implicitly provided an expression of the relationship of the storage-runoff ratio to its frequency of occurrence for various levels of the yield-mean flow ratio in terms of three parameters. Of the three parameters, two were found to be constant or related to one another for the catchments under consideration, leaving the model to be of only one parameter effectively. That parameter was estimated for the gauged catchments under consideration and then related to the physical characteristics of the catchments for use on ungauged catchments. 
THE PROPOSED MODEL
The model visualizes the hydrograph, the low flow period and the resulting deficit storage as illustrated in Fig. 3 . It is assumed that each annual maximum storage was created by a single simple drought of duration T -t (the duration of flow below the yield level, D). The recession of the discharge during the drought is assumed to be exponential, viz. Q, = Q Q" K where K is a parameter. For a given yield level, the magnitude of the deficit is thus determined by the duration of the drought and X Fig. 3 Model visualization of the hydrograph, the low flow period and the resulting deficit storage. the parameter K, and as the magnitude of the deficit is assumed to be related to the return period through the EV type 1 distribution, this in turn implies a relationship between the return period and the duration of the drought and the parameter K.
From Fig. 3 , the deficit storage (S) is given by:
where: D is the yield; K is the storage coefficient; q is the flow at the end of the recession; T is the duration of the recession; and t is the time of the recession for which the flow is above the yield. SinceD = Q Q" K and q = Q e T/K , then t = K\n(Q/D) and lnQ = lnq + TIK. Therefore:
Equation (2) describes a two parameter storage-yield relationship, the two parameters being K and q. The storage coefficient, K, is associated with the physical characteristics of the catchment. It is therefore independent of the changes in the yield or the return period of the event. On the other hand, q is the flow at the end of the recession. It is therefore directly associated with the severity of the low flow event or the return period of the deficit storage. Smaller values of q will associate with high return periods of the deficit storages.
Equation (2) may be rewritten in a slightly different notation as:
where: S DRl is the storage corresponding to yield D and return period R x expressed in per cent annual runoff; K is the storage coefficient; D is the yield expressed in per cent of mean flow; and q Rl is the low flow associated with the storage of return period R x expressed in per cent of mean flow. It must be noted that it is not necessary that the return period of low flow of magnitude q is R t .
For given values of K and q Rl , storage can be estimated for various levels of yield for a return period R { . To estimate storages at different return periods R 2 , R 3 ..., it is necessary to know the values of q m , q R3 , .... Those values may be estimated as follows.
For a constant yield, the storage-return period relationship is given by a straight line on a SYR diagram, the slope of which is given by:
Equation (4) 
Only the three points, S m>Rl , S m>m and S mR2 on the SYR diagram, are required to represent the complete SYR diagram. Those points may be chosen arbitrarily subject to the constraint that two points should correspond to the same return period but different levels of yield, and the third point should correspond to a different return period but the same level of yield as one of the other two points. Equations (6), (7) and (8) 
APPLICATION OF THE MODEL
The present analysis is based on flow data from 26 catchments in Ireland kindly supplied by the Irish Office of Public Works. The names of the catchments, their corresponding gauging station numbers and the lengths of the records are presented in Table 1 . Figure 4 shows the locations of the gauging stations used in the study to give an idea of the spatial distribution of the stations. Calendar year was used for the analysis instead of the hydrometric year to ensure that the storage of any year did not carry over into the second year thus complicating the analysis. The storage-yield-return period (SYR) diagrams were calculated for each catchment under study. Visual inspection of the diagrams revealed qualitative resemblance; nevertheless there were considerable quantitative differences.
For the purpose of this analysis, D was chosen to be 20% of the mean flow and O^ was chosen to correspond to fifty years return period. The parameters Q 0 and M 20 were evaluated for all the catchments by reading from the fitted SYR diagrams. The values obtained are given in Table 2 . It may be noticed that the ratio of the two parameters, a 20 = Ci Q IM 1Q , is almost constant with mean value equal to 4.4 (Table 2 ) for all catchments, effectively reducing the relationship sought to one of two parameters, K and Q 0 .
The parameter K was optimized by minimizing the sums of squares of differences between the observed and the estimated storages taken over 30 points on the SYR diagrams. The estimated values of K for each catchment are presented in Table 2 .
It was also observed that the estimates of K were not well defined: considerable variation from the optimum values would be possible with little increase in the sums of squares of differences. Therefore the estimates of K values must be looked upon as approximate at best.
A plot (Fig. 5) of the estimated values of K and Q 0 for each catchment suggests a weak linear relationship. Some of the scatter may be due to Fig. 4 Locations of the gauging stations used in the study. (9) where K is in days and QQ in m 3 s" 1 day. By fixing the parameter K, the increase in the sums of squares of differences between the observed and the estimated storages was significant on two of the 26 catchments (numbers 1602 and 1604). The remaining 24 catchments supported the suggestion of a single parameter model.
Having fixed a 20 at an average value of 4.40 and using the relationship of equation (9) for K and Q 0 , the parameter C^ was re-evaluated for each catchment by optimizing the sums of squares of differences of storages between the observed and the estimated SYR diagrams. The optimized values of QQ are presented in Table 3 . The estimated SYR diagrams corresponding to the optimized Cjo are superimposed on the observed SYR diagrams for two catchments in two cases, there was a reasonable agreement between the observed and the estimated SYR diagrams thus confirming the adequacy of the one parameter model.
ESTIMATION OF STORAGE DEFICIT FROM CATCHMENT CHARACTERISTICS
To complete the work, an empirical relationship must be established with the catchment characteristics for any of the three parameters representing the SYR diagrams. The catchment characteristics chosen were suggested by previous hydrological studies, particularly for low flow studies (Institute of Hydrology, 1980) . Further criteria were easy availability and the prevention of the instability which occurs in regression equations when highly intercorrelated variables are included among the independent variables. The catchment characteristics used were: catchment area (AREA) expressed in km 2 , obtained by planimetering or "counting squares" on a convenient scale map; channel slope (S1085) the main stream channel slope measured between two points 10 and 85% of the main stream length above the gauging station on a 1:25 000 scale map and expressed in m km" 1 ; stream frequency (STMFRQ) the number of stream junctions as seen on 1:25 000 maps divided by the catchment area and expressed in junctions per square kilometre; lake index (LAKE) the proportion of the catchment area which drains through a lake or a reservoir; soil index (SOIL) soils classified in five classes depending upon their infiltration potential or, inversely, the runoff potential. The proportion of the catchment under each class was obtained from the National Soils map of 1:1 000 000. Each soil class is assigned a number and a weighted average of the proportions of area under each soil class is the soil index for that catchment. A complete description is given in the UK Flood Studies Report (NERC, 1975) ; mean annual rainfall (MAR) in mm, calculated by "grid sampling" at points in the catchment using an isohyetal map prepared by the Meteorological Service and then computing the arithmetic mean; and mean annual evaporation (MAE) in mm, the mean annual evaporation from Class A pans, calculated from published records.
The first three of the above measures were supplied by the Irish Office of Public Works, where they were initially calculated for use in the UK Flood Studies Report (NERC, 1975 ) and later for low flow studies (Institute of Hydrology, 1980) . Because of the unavailability of 1:25 000 scale maps in Ireland, the channel slope and the stream frequency were measured from 1:63 360 (one inch) scale maps. An empirical correction factor was used to correct for discrepancies caused by the use of the smaller scale map. This factor was developed by a linear regression between the corresponding measurements on 1:25 000 and 1:63 360 scale maps on 55 British catchments. Full details are presented in the UK Flood Studies Report (NERC, 1975, Vol. 1, p.301) .
All the independent variables were included in the regression analysis because none of them was highly correlated with another. Q 0 was chosen as the dependent variable but no satisfactory prediction equation could be found by linear or log-linear regression.
It was decided to use q 50 instead of Q 0 . q 50 is the low flow parameter of the proposed model corresponding to 50 years return period and it is related uniquely to QQ through: (10) where K is given by equation (9) and q 50 is per cent of mean flow.
The reason for attempting regression of q 50 instead of Ç> 0 is that low flow values have been successfully related to catchment characteristics in the past by linear regression (Institute of Hydrology, 1980) but there are no examples of relating deficit storages to the catchment characteristics. Q 0 and q 5Q are both parameters of the proposed model but the former is essentially a storage value whereas the latter is a low flow value.
The results of the log-linear regression between q' 50 , i.e. q 50 expressed in m 3 s l and the independent variables is given by:
The coefficient of determination of this equation is 0.68 with the standard error of estimate of 0.57. With the increase in the proportion of permeable soils the low flow value should increase. The regression equation (equation (11)), however, seems to contradict this normal understanding. Until more catchments are included in the regression in the future, a more parsimonious and physically realistic regression equation with only area as the independent variable may be used.
This alternative relationship is given by:
The coefficient of determination becomes 0.56 compared to 0.68 for the full equation and the standard error of the exponent (0.7) is equal to 0.125. The standard error of estimate remains the same. (1980) is as follows. The runoff over the long term can be assumed to be equal to the difference between the mean annual rainfall and actual evaporation. Actual evaporation (AE) can be estimated from the potential evaporation by using AE = rMAE, where r is the adjustment factor dependent upon the mean annual rainfall. The recommended values of r are given as follows: where y w = -ln(-ln(l -1/10)) and y 50 = -ln(-ln(l -1/50)). q w for QQ = 3.0 is equal to 7.8% of mean flow. return periods. The yield levels were chosen such that the deficits arose only due to seasonal fluctuations and there was no carryover storage from year to year.
A WORKED EXAMPLE
The storage-yield-return period relationships were explained by a three parameter model. For the data used, two of the three parameters were found to be related to the third. Therefore the model was effectively of one parameter. To obtain estimates of that parameter for use on ungauged catchments, the parameter was related to the physical characteristics of the catchments by multiple linear regression.
With one or two exceptions, the model reproduced the storage-yieldreturn period relationship satisfactorily on each of the catchments studied. However, the regression relation between the model parameters and the catchment characteristics was less satisfactory.
The results of this study may be used to estimate the storage on an ungauged catchment in Ireland, but the methodology might be applicable elsewhere.
